Intense radiofrequency power in the form of pulses is applied to an ensemble of spins in a liquid placed in a large static magnetic Geld H&. The frequency of the pulsed r-f power satisGes the condition for nuclear magnetic resonance, and the pulses last for times which are short compared with the time in which the nutating macroscopic magnetic moment of the entire spin ensemble can decay. After removal of the pulses a non-equilibrium configuration of isochromatic macroscopic moments remains in which the moment vectors precess freely. Each moment vector has a magnitude at a given precession frequency which is determined by the distribution of Larmor frequencies imposed upon the ensemble by inhomogeneities in Ho. At times determined by pulse sequences applied in the past the constructive interference of these moment vectors gives rise to observable spontaneous nuclear induction signals. The properties and underlying principles of these spin echo signals are discussed with use of the Bloch theory. Relaxation times are measured directly and accurately from the measurement of echo amplitudes. An analysis includes the effect on relaxation measurements of the self-diffusion of liquid molecules which contain resonant nuclei. Preliminary studies are made of several effects associated with spin echoes, including the observed shifts in magnetic resonance frequency of spins due to magnetic shielding of nuclei contained in molecules.
I. INTRODUCTIOH '
N nuclear magnetic resonance phenomena the nu--clear spin systems have relaxation times varying from a few microseconds to times greater than this by several orders of magnitude. Any continuous Larmor precession of the spin ensemble which takes place in a static magnetic field is finally interrupted by field perturbations due to neighbors in the lattice. The time for which this precession maintains phase memory has been called the spin-spin or total relaxation time, and is denoted by T~. Since T~is in general large compared with the short response time of radiofrequency and pulse techniques, a new method for obtaining nuclear induction becomes possible. If, at the resonance condition, the ensemble at thermal equilibrium is subjected to an intense r-f pulse which is short compared to T2, the macroscopic magnetic moment due to the ensemble acquires a non-equilibrium orientation after the driving pulse is removed. On this basis Bloch' has pointed out that a transient nuclear induction signal should be observed immediately following the pulse as the macroscopic magnetic moment precesses freely in the applied static magnetic field. This effect has already been reported' and is closely related to another effect, given the name of "spin echoes, " which is under consideration in this investigation. These echoes refer to spontaneous nuclear induction signals which are observed to appear due to the constructive interference of precessing macroscopic moment vectors after more than one r-f pulse has been applied. It is the purpose of this paper to describe and analyze these eQ'ects due to free Larmor precession in order to show that they can be applied * This research was supported in part by the ONR. ' E. L. Hahn, Phys. Rev. 77, 297 (1950) .
for the measurement of nuclear magnetic resonance phenomena, particularly relaxation times, in a manner which is simple and direct.
II, FEATURES OF NUCLEAR INDUCTION METHODS (A) Previous Resonance Techniques (Forced Motion)
The chief method for obtaining nuclear magnetic resonance has been one whereby nuclear induction signals are observed while an ensemble of nuclear spins is perturbed by a small radiofrequency magnetic field. A large d.c. magnetic field Hp establishes a net spin population at thermal equilibrium which provides a macroscopic magnetic moment Mp oriented parallel to Hp. The forced motion of Mp is brought about by subjecting the spin ensemble to a rotating radiofrequency field Hi normal to Hp at the resonance condition~=cop = +Bp where p is the gyromagnetic ratio, au is the angular radiofrequency, and cop is the Larmor frequency. The techniques which obtain resonance under this condition provide for the application of a driving r-f voltage to an I.C circuit tuned to the Larmor frequency.
The sample containing the nuclear spins is placed in a coil which is the inductance of the tuned circuit. At resonance a small nuclear signal is induced in the coil and is superimposed upon an existing r-f carrier signal of relatively high intensity. In order to detect this small nuclear signal the r-f carrier voltage is reduced to a low level by a balancing method if the JC circuit is driven by an external oscillator, &' or the JC circuit may be the tuned circuit of an oscillator which is designed to change its level of operation when nuclear resonance absorption occurs. 4' In general, a condition exists whereby transitions induced by H&, which tend s Bloembergen, Purce11, and Pound, Phys. Rev. 73, 679 (1948) . 4 R. V. Pound, Phys. Rev. 72, 527 (1947) ; R. V. Pound arid W. D. Knight, Rev. Sci. Inst. 21, 219 (1950) . A. Roberts, Rev. Sci. Inst. 18, 845 (1947) .
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to upset the thermal equilibrium of the spins, are in competition with processes of emission due to lattice perturbations which tend to restore equilibrium. Spin relaxation phenomena, which are measured in terms of the relaxation times T2 and T~(spin-lattice), must be distinguished simultaneously from effects due to the inQuence of r-f absorption. Consequently the study of resonance absorption line shapes, intensities, and transients must carefully take into account the intensity of Hi and the manner in which resonance is obtained.
In The observation of transient nuclear induction signals due to free Larmor precession becomes possible at the resonance condition described above if the r-f power is now applied in the form of intense, short pulses. The r-f inductive coil which surrounds the sample is first excited by the applied pulses and thereafter receives spontaneous r-f signals at the Larmor frequency due to the precessing nuclei. In particular, the echo effect is brought about by subjecting the sample to two r-f pulses in succession (the simplest case) at pulse width I &~&T~, T~, where v is the time interval between pulses. At time r after the leading edge of the second pulse the echo signal appears. Since HI is absent while these signals are observed, no particular attention need be given to elaborate procedures for eliminating receiver saturation effects (as must be done in the forced motion technique) providing that T2 is large enough to permit observation of echoes at times when the receiver has recovered from saturation due to the pulses. Because the T& of nuclei in liquids is generally large enough to favor this condition, the technique for obtaining echoes in this work has been largely confined to the magnetic resonance of nuclei in liquid compounds. Preliminary observations of free induction signals in solids, where T2 becomes of the order of microseconds, indicate again, however, that procedures must be undertaken for preventing receiver saturation due to intense pulses.
For spin ensembles in liquids it will be shown that 
Therefoxe, from (4) and (5) According to the first term on the right side of (6) the echo maximum occurs at (= 2m, and the signal lasts for 4m/(Era)» seconds. No free induction is predicted after the second pulse for this particular case, which is illustrated in Fig. 2 (top). For extremely large (Dru)» the echo becomes very sharp and the free induction decay after the first pulse becomes practically unobservable.
Equation (6) indicates that periodic maxima should occur at times 2s/(Aced)» sec. apart during the appearance of free induction signals. These maxima are not observed in general for this reason, because the choice of g(Aaa) here does not correspond to experimental conditions. A modulation is observed in particular cases because of an entirely different eGect which will be discussed later.
(C) General Analysis The echo effect will now be treated in a general way, after which some of the simplifying assumptions out1ined for the very simple case just described will be applied. By making use of Bloch's equations' and any possible position in the x'Y' plane during the second pulse since the r-f is not necessarily coherent for both pulses. However, free induction signals will be independent of this random condition as long as r»1/(t»ru)». "
This signifies that free induction decay following a single pulse does not interfere with the echo (see Fig. 2 
For the case in which twin pulses are applied, we have at t=0, M, =Mp and u=v=0. At t=t the moments in the rotating system are obtained from (8) . At time r the r-f pulse is again applied and removed at t= r+f After the second pulse the initial values of the magnetization components which undergo free motion are as follows:
From Eq. (7-C) the solution for M.[h&o+6(t)] must be averaged over the probability that the moment vector corresponding to it is precessing at frequency h~+b(t) at time t. The ordinary diffusion law will be assumed to apply as regards the distance of diffusion l which corresponds to frequency shift b. General solutions of (7) representing free motion can therefore be written as follows:
GgyMp where C(t) -C(t ) is the total phase shift accumulated in a time t -I, ' by a precessing spin due to diffusion.
The solution (9) must be averaged over all C, using a phase probability function P(C, t), by considering in particular the integral
where k= (yG)". D, and D is the self-diffusion coeScient of the spin-containing molecule. It can be shown" that
The v component, which is an even function in b, co, provides the free induction voltage, whereas the I component is an odd function in d co and does not contribute to the integral which will be applied in (18). Imposing the condition co~&&b,~and~&&t we obtain:
" First one must take into account all possible paths (essentially all possible areas expressed by the integral in (10)) which the diffusing molecule may take in the l, t plane so that the total phase shift accumulated by the precessing spin which the molecule carries with it has a given value which is the same regardless of path length and final position of the molecule. The ordinary diRusion law is assumed to apply in expressing the probability of a given path under the constraint that a certain C(t) be accumu- 
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The measured signal will be due to the integral
For convenience g(hem) is chosen to be a Gaussian distribution:
where the integral of g(Aced) over all hs& is equal to unity.
Integration of (16) (E) Secondary Spin Echoes If a third r-f pulse (identical to pulses producing the primary echo) is applied to the sample at a time T with respect to t=o, where 2~(T&T~, additional echoes occur at the following times: T+v, 2T -2v, 2T -, 2T. For v &T&2r the signal at 2T -2v is absent but the others remain (see Fig. 5 ). These additional echoes can be readily predicted by rewriting Eq. (15) changed in ) and applying the resulting expressions as initial conditions in (12), (13), and (14). In this manner, by successive application of accumulating initial conditions, the echo pattern resulting from any number and sequence of r-f pulses can be predicted.
After integrating w(t) over Aa& for t~&T)2r, using g(Aced) according to (19), the following expression for V(t) is obtained (terms due to induction decay directly following the pulse are omitted and assumed not to interfere with the echoes since r))T2*): Fig. 1 . For a given~auu~, the symbols o, a' and S, S' denote those moments which have Larmor frequencies such that they precess angles auu~r+2ov and~Dcu [r+i2a+1l» respectively in time t = r Nis any integer whi. ch appiies to frequencies within the spectrum which will ie in a pair of cones corresponding to a specific ( Ace (.These cones provide M, components (after the pulse at r) which are available for stimulated echo formation after the pulse at T. The shaded area in G indicates the density of moment vectors.
The absence of vectors on the -y' side leaves a dimple on the unit sphere.
' For~&T&2r the echo at 2v is modified and has the coefficient Mo/4 sin'colt instead of the one given by {21}. whose configuration depends purely upon phase and not frequency is much greater due to the exponential factor 3kP rather than kr'T which occurs only for the stimulated echo. Such a plot is given in Fig. 8 (Fig. 9 ) due to the fact that two or more spin groups of one species are contained in the same molecule or different molecules and have non-equivalent molecular environments in the same sample. For example, let co' and co" denote respectively the Labor frequencies at which the rotating coordinate systems of two spin ensembles may precess, and allow symmetric distribution functions g'(Aced') and g"(Ace") to be a maximum for h~' coo -co'=0, Aced"=coo -"=0. Therefore, identical echo configurations will result in two frames of reference, each rotating with frequencies co' and cv" respectively. The r-f induction is due to the magnetization component v(d~, t) sine@ for an individual spin group » W'. E. Lamb, Phys, Rev. 60, 817 (1941) . This is treated theoretically in a paper in Phys. Rev. 78, 699 (1950) , kindly forwarded to the author in advance of publication by Professor N. F. Ramsey. where s(hco, t) is described as in (16) and (17). Integration over all frequencies leading to (20) and (21) provides the following total induction: V(/) = V'(t) sinru'(t -t~')+ V" (t) sin~" (t -t~'). (23) V'(i) and V"(t) signify the free induction signals due to each of the spin groups alone. The envelope of the echo signal (Fig. 9-A) is given by V(t) = LV'(t)'+ V" (i)'+2 V'(t) V" (t) Xcos(co" -co')(t -2r) j~. (24) As typical examples of this effect it has been found that the signals due to F" nuclei in certain organic compounds yield modulation patterns which obey the heterodyne law expressed by (24). In order to observe this eBect the condition 2s/(~" co'-) T2* must be attained in order to observe at least one period of the modulation within the lifetime T2 of an echo or induction decay signal following a pulse. Consequently, a high degree of homogeneity in the magnetic field must be attained in order to get very good resolution; i.e. , to resolve very small shifts in Larmor frequency. It appears that this approach to the determination of very small Larmor shifts has a resolution no better than ordinary magnetic resonance absorption methods" in which the limitation is also due to external field inhomogeneities.
However, the echo method is fast and lends itself more conveniently to search purposes in finding these shifts. " Somewhat higher resolution than that available by the normal method can be attained beyond the limitation imposed by field inhomogeneities by introducing into the receiver an r-f signal at a frequency somewhere near the Larmor frequencies present. An audio beat modulation appears having an envelope which is modulated in turn by the Larmor shift beat note. These beats can then be more easily distinguished from noise for the condition 2s/(&a" -&u')~T2* in favorable cases in which the induction signals are suKciently intense. Periods of the order of 3, 4T2* may possibly be observed, in which case Larmor shifts as small as 0.01 gauss, of the order of normal diamagnetic shifts, may be detected, assuming a (EP)y~0.05 gauss is available out of a total field of 7000 gauss. It can be seen from Fig. 9 that the modulation on the echo and decay signals (following r-f pulses) correlate in pattern. It is significant that the pattern on the echo is always symmetric regardless of the spacing v between the two r-f pulses. This is understandable in view of the fact that two rotating frames of reference, for example, increase in phase difference by (co" ao') r radians -between the pulses. The second pulse produces an initial condition such that the two frames One must be careful that the observed modulation is not due instead to a condition where the H0 magnetic Geld inhomogeneity pattern over the sample has two or more discrete bumps in it.
The modulation will again be symmetric on the echo and can only be distinguished from a true beat eQ'ect by moving the sample to a different part of the Geld in the magnet gap and noting whether or not the modulation disappears or varies in frequency.
of reference now rotate into one another by the same amount and coincide at the time 2r of the echo maximum. This principle is inherent in the echo effect itself: the phase differences of ail moment vectors (with respect to the initial orientation established by the first pulse) are e6'ectively cancelled at the time of the echo maximum. This cancellation is made possible by the second pulse. If no further pulses are applied, the echo at 2c an never repeat itself, as might be expected, because the "eight-ball" configuration is essentially only a single recurrence of the initial in-phase condition of the moment vectors at ]=t", , though not quite the same due to a spread in Larmor frequencies.F luorine nuclei in the compounds" CFICCl=CC12 and C~H4F2 (1, 4 difluoro-benzene) give induction signals in separate samples in which no significant beat patterns appear. Weak beats may appear due to other fluorine compound impurities used in the synthesis of these compounds. Hy using a mixture in which the concentration of one molecule exceeds that of the other, the relative difI'erence in intensity of the absorption lines indicates that the fluorine resonance frequency in C6H4F2 lies on the high side relative to that in CF~CC1=CC12. It is reasonable to expect this if the charge density of the electronic configuration about the fluorine nuclei in CGH4F2, being less than that in CF3CCl=CC12, can be correlated with a correspondingly smaller negative magnetic shielding correction. This property appears to exist in all mixtures and single molecules so far investigated in which a distinction between spin groups has been made. Within experimental error, the Larmor It is interesting to note that the configuration at t = t", namely, 3f "=M0,can in principle be exactly repeated at t=2v by doubling the second r-f pulse width with respect to the first one which is at the pulse condition cuit"=x/2 (see Fig. 1 ). Actual experiment indicates that the inhomogeneity in IJ1 throughout the sample prevents this from exactly taking place, but shows an increase in the available echo amplitude beyond the optimum amplitude at colt = 2x/3 (Eq. 21}.The stimulated echo at t = T+r then nearly disappears.
"The fluorine compounds used were kindly provided by Dr.
G. C. Finger of the Fluorspar Research Section of the Illinois
State Geological Survey, where they were synthesized.
Fro. 10. The echo envelope modulation effect for protons in C~H~OH. Paired pulses are applied in the usual manner for obtaining multiple exposures. The echo separation is 1/300 sec. The 6rst echo at the left follows so closely after the r-f pulses that it is not at normal amplitude because of receiver saturation.
frequency shifts observed here appear to be proportional to the applied field, based on measurements made at 7070 and 3760 gauss. trifluoro-benzene and CF3CC1= CCl~. More than one beat modulation frequency is evident, due obviously to the presence of more than two fundamental spin groups. Figure 9 -C shows how a similar complexity in beat pattern arises from a sample of 1-trifluoro-methyl 2, 3, 6 trifluoro-benzene. All observable beat frequencies are of the order of a few kilocycles.
Preliminary studies have been made of another eGect which is shown in Fig. 10 oscillator whose frequency is quadrupled to 30 Mc and amplified r-f power is then gated through stages whose grids are biased by square wave pulses from a one shot multivibrator controlled in turn by timer pulses. This method is essential for studies of the phases of various echo signals and other e8ects. The crystal maintains a source of coherent r-f oscillations which can be used to heterodyne weakly with the nuclear signal that has a phase determined initially by these oscillations in the form of intense pulses. The phases of the resulting audio beat frequency oscillations seen superimposed on the echoes then yield certain interesting proofs.
(a) The phase of the audio modulation on all echoes is invariant to any time variation in the spacing between r-f pulses. Kith respect to a 6xed reference in a rotating coordinate system, all echoes form a resultant which is constant in direction due to the fact that the accumulated phase differences before the r-f pulse (at (= 7) are exactly neutralized after it (referring to discussion in III-G).
(b) The negative sign of the "image echo" term signifies that the resultant of this signal is 180' out of phase relative to the resultants of all other echoes formed before or after it. This is borne out by the fact that the phase of the observed audio modulation on the image echo is exactly 180' out of phase with respect to the modulation pattern on all other echoes.
Otherwise, the modulation patterns appear to be identical.
(c) Echoes at t= 2m are observed not to fluctuate in amplitude when v &T2* due to the fact that the r-f is coherent for successive pulses, and the phase of the moment con6guration prior to the r-f pulse at r has a definite relationship with respect to the phase of the echo which follows.
Kith the above method, precautions must be taken to prevent r-f power leakage to the sample during the absence of pulses. The necessity for this precaution is eliminated by turning on and ofF a high power oscillator (by gating the oscillator grid bias, Fig. 13 which is present at the echo sample. The regulator resonance sample is located in the same magnet gap and is subjected to 30 Mc r-f power which is we11 shielded froxn the experiment sample. The regulator sample is placed in the inductance of the tuned circuit
To be discussed in a later paper.
